This study explores the optical field distribution of 1.55μm InGaAsP distributed feedback Laser with an air gap in the middle section. The optical field distribution was analyzed by different depth and width of an air gap. From the calculation, we could observe how the gap affect the coupling of the optical field into the other cavity. The percentage of the coupling is a crucial factor to the injection-locking operation. Both effective index model and commercial software were used to predict this coupling.
INTRODUCTION
In recent years there has been a growing interest in generating tunable CW microwave radiation, and a variety of solutions have been demonstrated for all optical 3R regeneration, re-amplification, re-shaping and re-timing. Several technologies have been explored, and two-section DFB self-pulsation laser is one of the promising candidates because of the advantages of easily DC current control of the pulsation and the ability of generating high pulsation frequency [1] [2] [3] [4] [5] . Specifically, there have been interests in the development of THz optoelectronic sources since their electronic addressability and tunability would make them easier to operate [6] . Other important applications include the microwave generation for radio over fiber (RoF) system [7] , all optical clock recovery [8] , etc. In this paper, we propose to use airgap between two lasers to provide optical feedback. The variation in the gap depth and width would bring about certain differences in each section, which would introduce the beating between two lasing modes, and we will analyze the optical field distribution from 1.55μm InGaAsP Fabry-Perot multisection laser with this idea. This extra air gap is designed to bring extra feedback into laser which, with careful control, can benefit the eventual coherent microwave generation.
THEORY OF TWO-SECTION LASERS
The operation of a two-section laser has been well studied [2] . In this paper, we put our efforts on the optical field calculation among the sections of our chip. As shown in Fig. 1 , the laser chip is composed of a coupled cavity with two different coating at both facets. One side is coated with anti-reflective coating (ARC), and the other side is highreflective coating (HRC). The overall chip length is about 620μm, and we design 20μm section in the middle region as our air-gap experiments. The introduction of this air gap transform the long cavity (620μm) into a coupled cavity situation: a cavity with ARC and air/semiconductor interface, an air-gap slot, and a cavity with air/semiconductor interface and HRC. All three of them are in-line together and with optical field excitation at one semiconductor section, the field will leak into the other through the air-gap slot and semiconductor underneath. Two different methods have been taken to simulate the optical field in this chip: 1. using finite element method and the cross-section of the cavity; 2. using the general waveguide theory and commercial software.
The first method was developed in Matlab ® environment. The variation in the third dimension is assumed to be uniform for now. We follow the general finite element analysis criteria. The wave equation for transverse mode profile, U, can be written as: [9] 
We can then lay out a uniform grid which can cover overall area. After the second-order Taylor expansion of the field at the gird point, we can transform the differential equation into discretized form: [9] 
, where i and j are the x-axis and y-axis grid indices, respectively. Once this equations are set up, the rest is the matrix eigenvalue solving, which can be easily finished in Matlab ® . When compared to ordinary "cold" cavity case, there are some differences: we create a refractive index difference to reflect the fact that the current injection changes the refractive index of the material.
The second method was done in the LASTIP ® environment. Their theory can be traced back to the general solution of the axial field intensity. For the detailed 2D E-field distribution, we need to use a more elaborated way to simulate this problem. The basic equations used to describe the semiconductor device behavior are Poisson's equation and the current continuity equations from Maxwell's equations [10] :
, where V is electrical potential, n and p are electron concentration and hole concentration, N D and N A are doping of shallow donors(D) and shallow acceptors(A), f D and f A are occupancy of donor (D) and acceptor(A) levels, N tj is density of j th deep trap, f tj is occupancy of the j th deep trap level , J n and J p are current flux densities, R ntj and R ptj are electron and hole recombination rate for quantum well, R sp is spontaneous recombination rate, R st is stimulated recombination rate, R au is auger recombination rate. By solving the above equation sets, we could calculate more precisely the field distribution within the cavity.
SIMULATION RESULTS
When both sections are powered, there will be an optical feedback light at the HR side traveling through the z-direction cavity. The feedback wavelength is detuning with the original wavelength .The feedback section at HR side becomes a master laser and the other side becomes a slave laser. An air gap is located in the middle section with adjustable width and depth. There would be some optical injection locking phenomenon in the structure. Therefore, we expect that there would be some modification of dynamic characteristics of the laser, such as relative intensity noise(RIN), chirp frequency under these conditions. Fig. 2(a) shows the two dimensional field distribution. Once we obtain the optical field in the pumped cavity, we could integrate the relative intensity over each section and compare their ratio. The percentage of the field intensity in the pumped cavity is plotted in Fig. 2(b) , and we can find out a sharp increase of confinement when the D gap increases more than 2 μm. However, we could see that the optical confinement of the fundamental mode of this setup is quite good, even with the 0.5um, we only have about 0.6% of the light field leaking into the next cavity. So the finite element simulation can only give us an idea on how fast the confinement rises, but not the absolute value of the actual confinement.
Optical Field in the Composite Cavity
On the Lastip ® calculation, we started the simulation under R 1 =R 2 =0.32 and I 2 off. We focus now on the wave intensity distribution with an air gap of different depths and widths. Figure 3(a) shows the E-field distribution without any gap. Figure 3(b) shows that the wave intensity is re-distributed when the depth of the air gap is increased to 5μm, the field is hardly penetrated into the right section. We calculated the wave intensity distribution ratio of the pumped cavity versus the overall field intensity shown at the Table 1 . When there is no depth on the chip, the left field intensity is about 50.3% at width of gap is 2μm and is 55.4% at the width of the air gap is 5μm. There is little difference of intensity ratio between the two cases. However, once we start increase D gap , and widen W gap , the obvious partition of field intensity can be observed. The detailed 2 dimensional calculation is summarized in table 1. As we could see, the influences of the air gap is profound. Most of the excited E-field is confined in the pumped region, however, some of them will leak into the other un-pumped (or cold) cavity. This leakage is the source of interference of the other section of laser and usually we don't know, to what extent, this leakage will disturbing the operation of the other laser unless we can quantify it. Using this method, we can estimate the possible feedback or coupling between multiple sections of semiconductor lasers.
L-I Simulation and Measured Results
When we put a air slot in the middle section of the two-section laser, the basic performances such as laser power, current distribution or leakage current , which could be influenced to what extent by different D gap.. Therefore, we have to do some simulation and measurement about the basic performances after the focus ion beams process. The figure 3.3.1(a) shows the L-I simulation result of un-FIB laser, which is normal average performance on the twosection laser. The figure 3.3.1(b) shows the L-I measurement result under different bias current. In addition, the threshold current is matches, while the power is decrease at 91mA due to large bias current which leads to the spatial hole burning.
If we etch the laser to D gap =5um,the threshold current could increase and the laser power decrease a little. Hower,etching to the active layer, we can see not only the threshold current will increase more but also the laser power will fall down sharply. We could have the most moderate D gap to etch the two section laser.
Leakage current
Our monolithic two-section laser is not composed of two independent lasers. The two sections have a common laser grating and an optical cavity originally. After the FIB etching process, the monolithic laser has two asymmetric laser cavities, but it still have common active layers. So, the other characteristic what we want to know is the laser current distribution after FIB process.
Because the pumped cavity current could leak through the cold cavity, it might give rise to some influence on cold cavity. From the Figure 5 (a), we can see that some leakage current inject through the active layer on the cold cavity with an air gap. However, Figure 5 (b) shows that if we cut through the active layer, the pumped cavity current will almost not leak out to the active layer of the cold cavity. 
Injection-locking Condition Calculation
The injection-locking calculation is also necessary for us to estimate the possible operating range of the device. The principles can be found in reference 10 for details. We use the edge-emitting laser gain coefficient, which is about 100 times larger than that of VCSEL's. The linewidth enhancement factor can be between 2 to 5 according to the past research [11] . Putting all these parameters together, we can have a rough estimate on how our microwave generation is going to evolve when we pump the master laser. Fig. 6 shows the result of the injection-locking range calculation. From these calculation, we can see that the smaller the linewidth enhancement factor is, the larger the injection-locking bandwidth will be. Figure 6 . The injection-locking bandwidth vs. injection ratio for different linewidth enhancement factor (2 and 5). The arrow shows the possible trajectory of our device when the master laser is pumping the slave laser. The red color area indicates the stable locking region, and the white color area is the unstable region.
CONCLUSIONS
In conclusion, we demonstrate a theoretical calculation based on different depths and widths of the air gap to change the optical field distribution. We can thus understand the ratio the optical field from the other adjacent cavity that couples into the main cavity. With the knowledge of optical field distribution, we could further calculate the dynamic characteristics of microwave signal generation such as relative intensity noise(RIN), resonance frequency ,chirp frequency. The possible influences on the LI performance due to introduction of air-gap is also calculated and measured. The air-gap in the two-section lasers is important feature, which can affect the coupling between the two cavities and also the overall power.
